• HLA haplotypes encode single nucleotide polymorphisms (SNPs) that are associated with risks after HLA-mismatched unrelated donor HCT.
Introduction
The availability of .20 million registered unrelated donors worldwide is an invaluable resource for patients seeking a hematopoietic cell transplant to cure life-threatening blood disorders. 1 In the United States, white patients have a 75% chance of identifying an HLA-A,-C,-B,-DRB1-matched donor, which improves to 94% if criteria are relaxed to donors with a single HLA mismatch; 31% of African-American patients have HLA-matched and 69% have HLAmismatched donors. 2 Consequently, use of donors with a limited degree of mismatch could greatly increase access of patients to transplantation as therapy. However, HLA-mismatched transplantation is associated with significantly higher risks of graft-versus-host disease (GVHD) and mortality compared with HLA-matched transplantation. 3, 4 These risks have limited the general use of HLAmismatched unrelated donors.
A critical unmet need is to increase the safety of HLA-mismatched unrelated donor transplantation by understanding the immunogenetic basis of transplant-associated complications. The major histocompatibility complex (MHC) is an attractive candidate region for the discovery of clinically important human genetic variation because of the high density of genes with immune-related function. 5 Single nucleotide polymorphisms (SNPs) travel with HLA genes on haplotypes and have been used to map genes within the MHC that cause disease. 6, 7 We tested the hypothesis that clinical outcome after HLA-mismatched unrelated donor hematopoietic cell transplantation depends on the cumulative effects of HLA mismatching and of haplotype-associated SNPs. 12 
Statistical analysis
The clinical end points were grades II-IV and III-IV acute GVHD, chronic GVHD, transplant-related mortality, relapse (malignancies), disease-free survival (malignancies), and survival. Before testing SNPs, we built multivariate models for each end point with appropriately selected clinical prognostic factors ( Table 1 ). The strong linkage disequilibrium across the MHC influenced patient-donor SNP mismatch rates (Figure 1 ). We therefore included separate variables for HLA-A,-C,-B,-DRB1,-DQB1 antigen or allele mismatches, HLA-DPB1 mismatches, patient natural killer cell immunoglobulinlike receptor (KIR) ligands, and patient-donor KIR ligand mismatching. [13] [14] [15] Assessment of these potential risk factors for outcomes was evaluated using Cox proportional hazards models. First, the proportionality assumption was tested for each factor by adding a time-dependent covariate. Factors that violated proportional hazards were adjusted through stratification. A stepwise forward/backward model selection approach was then performed to identify significant clinical prognostic risk factors at a 5% significance level. To control for HLA variation of particular alleles, we further tested association of each end point with 0, 1, or 2 copies of HLA alleles having >20 counts. On the basis of the multivariate clinical variable models, a second stepwise forward selection procedure was performed on the HLA allele variables with a threshold of P 5 .01 for entering into the preliminary models.
In the single SNP analysis, each of the 1108 SNPs was tested separately for associations with the 7 clinical end points using the preliminary models. We considered 0, 1, or 2 copies of the rare SNP allele carried by each patient or donor. Each SNP was tested 3 ways: patient genotype, donor genotype, and patient-donor SNP mismatching. Samples with missing SNP genotypes were excluded. To control for the familywise error rate, the Bonferroni criterion was applied to adjust for the multiple testing of the 1108 SNPs.
We also explored predictive effects from multiple SNPs to each end point. To circumvent the problem of missing genotypes in the model selection on all the SNPs, we adopted a 2-step approach. 11 For each outcome, we first selected a subset of SNPs with P , .01 from the single SNP analysis. On the basis of the preliminary models, we then performed a stepwise forward selection procedure on the selected SNPs to build the final predictive models using a threshold P 5 .001 for the candidate SNPs.
SNP and HLA allele frequency comparisons, and genotypic associations between HLA alleles and SNPs were tested using classical x 2 tests (or Fisher's exact tests for small cell counts). All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC). Linkage disequilibrium (D9 and r 2 ) between SNPs was estimated using Haploview, 16 PLINK version 1.07, 17 and R package "Genetics" version 1.3.4.
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Results
Patient and donor SNP genotypes and mismatching
The minor allele frequencies of the 1108 SNPs were similar to previous reports. 19 Compared with HLA-matched pairs, 11 HLAmismatched pairs were more frequently mismatched for more SNPs over longer distances across the MHC ( Figure 1A-F) . These results confirm the highly disparate nature of the MHC in HLA-mismatched transplant patients and donors. Of the 1078 SNPs common to both the HLA-mismatched and the HLA-matched population, there was a higher rate of patient-donor mismatching among HLA-mismatched pairs for 96% of the 1078 SNPs compared with the HLA-matched pairs. Among the HLA-mismatched pairs, the location of the mismatched SNPs depended on the HLA locus that was mismatched, indicative of the positive linkage disequilibrium characteristic of the MHC. 7, 20 The difference between the percent of HLA-mismatched pairs and the percent of HLA-matched pairs 11 who were mismatched at each of the 1078 SNP positions shows that a higher percent of HLA-mismatched transplants were mismatched at the SNP compared with HLA-matched pairs ( Figure 1G -K).
SNPs associated with clinical outcome
In the single SNP analysis, patient genotype at rs429916 was associated with survival (adjusted P 5 .046), disease-free survival (adjusted P 5 .046), and transplant-related mortality (adjusted P 5 .009) after Bonferroni correction. In the multi-SNP analysis, 12 SNPs were associated with transplant outcome (P , .001; Table 2 ; Figure 2 ). 21 Some end points were influenced by only one SNP (survival, disease-free survival, grades II-IV acute GVHD), whereas others were affected by more than one SNP (relapse, transplantrelated mortality, grades III-IV acute GVHD, chronic GVHD). Each SNP influenced clinical outcome through patient genotype, donor genotype, or patient-donor mismatching specifically as noted in Table 2 . These data suggest that both patient and donor SNPs contribute to risks after HLA-mismatched transplantation.
Importance of the number of unfavorable SNPs
Each SNP has either a favorable or unfavorable genotype or a favorable or unfavorable (mis)match status ( Table 2 ). The risks of relapse, transplant-related mortality, grades III-IV acute GVHD, and chronic GVHD each increased with increasing numbers of unfavorable SNPs ( Figure 3 ). Compared with zero unfavorable SNPs for grades III-IV acute GVHD, the effect of 1, 2, and 3 unfavorable SNPs rs209130, rs2075800, and rs394657 was as follows: hazard ratio (HR), 1 Figure 3D ).
To test the hypothesis that some combinations of 2 or more SNPs may be more detrimental than others, we performed a model selection on the 12 SNPs as defined in Table 2 . Two SNPs were associated with survival: rs429916 (P , .0001) and rs915654 (P 5 .0048). Among the remaining 10 SNPs, combinations of >2 unfavorable SNPs conferred similar mortality compared with 0 to 1 unfavorable SNPs (HR, 1.01; 95% CI, 0.88-1.16; P 5 .86). In contrast, among 885 patients with >1 unfavorable rs429916 or rs915654 SNP, the HR of mortality was 1.22 (95% CI, 1.07-1.39; P 5 .0038) compared with patients with 0 to 1 unfavorable SNPs. These results suggest that mortality is influenced mainly by rs429916 and rs915654.
The selection of donors with favorable SNPs is likely to improve outcomes for patients. For example, transplantation of donors with favorable SNPs for relapse (rs2244546CC and rs986522CG) and for For personal use only. on July 14, 2017. by guest www.bloodjournal.org From grades III-IV acute GVHD (rs394657AA) is anticipated to lower risks of both complications. Among 331 patients transplanted from donors with rs2244546CC, rs986522CG, and rs394657AA, the HR of relapse was 0.66 (95% CI, 0.49-0.88; P 5 4.1 3 10
23
), and the HR of grades III-IV acute GVHD was 0.78 (95% CI, 0.61-1.0; P 5 .05) compared with transplants with all other donor genotypes. These data suggest that the selection of donors with this particular combination of favorable SNP genotypes may help to lower relapse and severe acute GVHD. The table summarizes the 12 SNPs that met a P , .001 in multivariate models that adjusted for SNPs other than the one of interest. Bi, bidirectional; GVH, graft-versus-host; HVG, host-versus-graft. *Location of SNP according to the National Center for Biotechnology Information dbSNP database. 19 †Bidirectional mismatches for SNPs rs2523957 (9 pairs), rs2242656 (10 pairs), rs3830076 (3 pairs), and rs2071479 (2 pairs) were excluded from analysis. Favorable SNP genotypes and favorable SNP (mis)matches are in bold.
‡Risks of relapse and disease-free survival were defined for patients with malignancies. §The effect of the SNP for grades II-IV acute GVHD was significant among HLA-C antigen mismatches (P 5 .005) and remained significant after adjusting for patient KIR ligands and patient-donor KIR ligand mismatching.
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SNPs and HLA
All models were adjusted for HLA mismatching to identify SNPs that influence transplant outcome. In turn, patients transplanted from HLA-DQB1 antigen-mismatched donors had lower risks of grades III-IV acute GVHD and transplant-related mortality and improved disease-free survival and survival compared with HLA-C antigenmismatched transplants (supplemental Table 1 ), consistent with previous observations. 4 Because HLA and SNPs each conferred independent risks, we tested the hypothesis that SNPs and HLA mismatching have additive effects. Among the 790 HLA-C antigen mismatches, the raw proportion of patients who developed grades III-IV acute GVHD was 22% with 0, 31% with 1, 40% with 2, and 45% with 3 unfavorable SNPs rs209130, rs2075800, and rs394657. Similar trends were observed among HLA-DQB1 antigen mismatches for rs209130, rs2075800, and rs394657: 10% of patients with 0, 20% with 1, 33% with 2, and 50% with 3 unfavorable SNPs developed grades III-IV acute GVHD. Therefore, the presence of >2 unfavorable SNPs for severe GVHD in HLA-DQB1-mismatched pairs confers risks that are as high as those in HLA-C-mismatched pairs with fewer unfavorable SNPs. In HLA-C-or -DQB1-mismatched transplantation, GVHD risks are conferred independently by the HLA mismatch and by SNP-associated effects. These data suggest that, at a minimum, information on HLA-C and -DQB1 matching and SNPs are needed to assess GVHD risks in individual patients.
Additive effects were most significant among HLA-B (P 5 8.58 3 10
24
) and HLA-DQB1 (P 5 .005) antigen mismatches for transplant-related mortality and for DRB1 alleles for grades III-IV acute GVHD (P 5 .001). The negative effects retained their significance regardless of patient KIR ligands or patient-donor KIR ligand mismatching. [13] [14] [15] Considering all 12 SNPs, we found cumulative negative effects on survival with each additional unfavorable SNP ( Figure 3E , log-rank P 5 .003). Compared with 0 to 1 unfavorable SNP, the hazards of mortality associated with 2, 3, 4, 5, 6, and >7 unfavorable SNPs were as follows: HR, ), respectively. These data demonstrate that survival depends on the balance of favorable and unfavorable SNPs that affect relapse and nonrelapse complications and suggest that transplantation of HLA-mismatched donors with fewer unfavorable SNPs will lower risks after transplantation.
If specific patient-donor HLA mismatches are more likely to be associated with specific favorable SNPs, then this information could be used to select among HLA-mismatched donors. Patient-donor mismatching occurred most frequently at HLA-A, -C and -DQB1. The 2 most common HLA-A mismatches, A*02:01 vs A*02:05 and A*03: 01 vs A*03:02, had similar frequencies of favorable SNPs at all 12 positions. The 2 most common HLA-C mismatches, C*03:03 vs C*03:04 (n 5 96) and C*01:02 vs C*02:02 (n 5 46), differed significantly for favorable SNP rs3830076 for chronic GVHD: 58.8% of C*03:03/03:04 mismatches had a favorable SNP rs3830076 in contrast to 26.1% of C*01:02/02:02 mismatches (P 5 .0003). The 2 most common HLA-DQB1 mismatches, DQB1*03:01 vs DQB1*03: 02 (n 5 104), and DQB1*02:02 vs DQB1*03:03 (n 5 45), differed significantly for favorable SNP rs2075800 for grades III-IV acute GVHD: 74% of DQB1*03:01/03:02 mismatches had a favorable SNP rs2075800 compared with 35.6% of DQB1*02:02/03:03 mismatches (P , .0001). These observations suggest that HLA mismatches differ from one another for favorable SNPs carried on their haplotypes. A more complete understanding of HLA mismatches associated with favorable SNPs may offer a new approach for selecting HLA-mismatched donors in the future.
Acute and chronic GVHD
Chronic GVHD increases morbidity and lowers the quality of life after HLA-mismatched unrelated donor transplantation. 22 Although acute GVHD is a known risk factor, patients can develop chronic GVHD without prior acute GVHD; the absence of acute GVHD, therefore, is not a safeguard against chronic GVHD. Because acute and chronic GVHD have different SNP associations, we tested the hypothesis that the SNPs associated with chronic GVHD risk may depend on the presence or absence of acute GVHD. We examined the risk of chronic GVHD using a Cox proportional hazard model wherein grades III-IV acute GVHD was treated as a time-dependent variable. Patients who developed grades III-IV acute GVHD had a higher risk of developing chronic GVHD compared with patients with no acute GVHD (HR, 1.78; 95% CI, 1.49-2.12; P 5 1.23 3 10
210
). As expected, none of the risk SNPs for acute GVHD influenced the risk of chronic GVHD. However, among the 4 risk SNPs for chronic GVHD, patient-donor mismatching at SNPs rs2523957, rs2071479, and rs3830076 remained independent risk factors for chronic GVHD (P 5 3.5 3 10
24
, P 5 3.9 3 10
, and P 5 1.9 3 10
23
, respectively) regardless of grades III-IV acute GVHD. SNP rs107822 (P 5 .019) was no longer a significant risk factor for chronic GVHD after adjusting for acute GVHD ( Table 2) , suggesting that its effect on chronic GVHD may depend on the development of acute GVHD. A landmark analysis was also performed on 1630 patients who were evaluable at day 100 after transplant without chronic GVHD. SNPs rs2523957, rs2071479, and rs3830076 remained risk factors for chronic GVHD after adjustment for acute GVHD (P 5 .013, P 5 .011, and P 5 .0043, respectively), whereas SNP rs107822 was no longer significant (P 5 .085). These results suggest that efforts to match patients and donors at SNPs rs2523957, rs2071479, and rs3830076 may help to lower the risk of chronic GVHD independent of acute GVHD.
GVHD and relapse
GVHD is not always undesirable. The graft-versus-leukemia effect describes the lower risk of relapse in patients with clinical GVHD compared with patients without GVHD. [23] [24] [25] [26] For individual patients, however, the development of clinical GVHD does not guarantee the patient will be relapse free, nor does the absence of GVHD necessarily For personal use only. on July 14, 2017. by guest www.bloodjournal.org From predict that relapse is inevitable. To identify SNPs informative for relapse with or without GVHD, we used a Cox proportional hazard model for relapse with time-dependent variables for acute and chronic GVHD. Chronic but not acute GVHD was significantly associated with a lower risk for relapse (HR, 0.62; 95% CI, 0.47-0.82; P , .0008). None of the 8 risk SNPs associated with acute or chronic GVHD met a P , .01 significance level; however, SNPs rs2244546 and rs986522 remained predictive of relapse. Compared with transplants with 0 unfavorable SNPs for relapse, transplants with 1 or 2 unfavorable SNPs had an HR of 1.65 (95% CI, 1.36-2.00; P , .0001). A landmark analysis was performed on 1121 patients evaluable at day 100 without relapse. The effects of SNPs rs2244546 (P 5 .0054) and rs986522 (P 5 .0022) on relapse remained similar regardless of the presence or absence of acute GVHD. These results suggest that avoidance of donors with unfavorable SNPs for relapse may help to lower relapse independent of GVHD.
Haplotype content
Of the 12 SNPs, 3 (rs915654, rs2075800, and rs429916) were associated with transplant outcome through the patient's genotype. We hypothesized that these 3 SNPs define extended HLA haplotypes. Three biallelic SNPs yield 8 possible SNP haplotypes (Table 3) . Some haplotypes displayed SNP haplotype diversity, whereas others were unique (supplemental Table 2 ). These data demonstrate that individuals with the same tissue type may have different extended haplotypes defined by their linked SNPs. Because the total number of favorable rs915654-rs2075800-rs429916 haplotypes depends on both the individual haplotype content and the combination of parental haplotypes, 2 individuals with the same HLA tissue type may have different numbers of favorable SNPs (Figure 4) . Therefore, the consequences of HLA-SNP haplotype diversity leads to heterogeneity of transplant risks among patients with the same tissue type. 
Discussion
HLA-mismatched unrelated donor transplantation is a high-risk procedure. We found that clinical outcome after HLA-mismatched transplantation depends on undetected haplotype-linked SNPs that have synergistic effects with HLA mismatching. HLA haplotypes differ with respect to their SNP content. Genetic diversity of HLA-SNP haplotypes leads to heterogeneity of risks even among transplants with the same HLA mismatch. These observations indicate that the overall success of HLA-mismatched unrelated donor transplantation can be improved for future patients through a pretransplant definition of patients' haplotypes and patient and donor SNP genotypes. The avoidance of donors with multiple unfavorable SNPs may help to lower mortality. A patient's haplotypes cannot be modified, but if the patient carries high-risk variants, then these patients may benefit from alternative approaches for managing and preventing GVHD. Hence, a paradigm that considers the MHC region genetics of both the patient and the donor may aid in increasing the safety of HLA-mismatched unrelated donor transplantation.
We previously identified two SNPs, rs887464 and rs2281389, that play a role in HLA-matched unrelated donor transplantation. 11 In the current study, only rs2281389 showed a suggestive effect for acute GVHD (P 5 .04). There are several possible reasons for our findings. HLA-mismatched pairs were genetically different from HLA-matched pairs, in that they had higher frequencies of SNP mismatching ( Figure 1 ) and were more ethnically and genetically diverse, encoding 159 unique HLA genotypes that were not present in the HLA-matched population. More importantly, the 2 populations differed significantly for demographic characteristics that influence transplant outcome: patient age, year of transplantation, patient-donor gender, disease diagnosis, GVHD prophylaxis, DPB1 mismatching, and patient-donor ethnicity (P , .0001; Table 1 ). These observations underscore the importance of the use of cohorts Figure 4 . Patient-derived risks are defined by haplotypes. A patient's haplotypes can be used to assess risks associated with rs915654 (transplant-related mortality), rs2075800 (grades III-IV acute GVHD), and rs429916 (survival, disease-free survival, and transplant-related mortality). The number of favorable genotypes among these three positions depends on the combination of the patient's maternal and paternal haplotypes. Illustrated are patients whose haplotypes contribute 3, 2, 1, or 0 favorable genotypes at the 3 SNP positions. The patient with ab haplotypes has the TA-GA-CC haplotype at SNPs rs915654, rs2075800, and rs429916, respectively; these genotypes are all favorable ( Table 2 ). The patient with bc haplotypes has 2 favorable (rs2075800AA and rs429916CC) and 1 unfavorable (rs915654AA) genotypes. The patient with de haplotypes has 1 favorable (rs429916CC) and 2 unfavorable (rs915654TT and rs2075800GG) genotypes. The patient with fg haplotypes has all unfavorable genotypes. The total number of favorable SNPs is defined as the combination of the maternal and paternal haplotypes. For example, the presence of HLA-A3-B7-DR15 (a haplotype) with HLA-A2-B44-DR4 (b haplotype) yields 3 favorable (rs915654, rs2075800, and rs429916) genotypes, but the same HLA-A2-B44-DR4 (b haplotype) with HLA-A3-B7-DR11 (c haplotype) yields 2 favorable genotypes. Two individuals with the same HLA tissue type may have different numbers of favorable SNPs because of haplotype diversity. For example, an individual with the HLA-A1,29-B8,44-DR3,7 tissue type can encode either TT-GG-CC (1 favorable SNP; haplotypes de) or TT-GG-AA (0 favorable SNPs; haplotypes fg) as a result of haplotypic diversity (Table 3; supplemental Table 2 ). Although a patient's haplotypes cannot be modified, knowledge of the haplotypes can be used for risk assessment, and risks can be lowered through the avoidance of donors with unfavorable genotypes or SNP mismatching. Delineation of the HLA-SNP haplotypes provides a first approximation of genetic diversity among several common North American white haplotypes and contrasts sharply with more conserved SNP haplotypes in other populations. 27 Two of the 1108 SNPs in this study were evaluated in Japanese transplants, where mismatching at SNP rs1799964 but not the recipient genotype at SNP rs2075800 was associated with grade IV acute GVHD. 28 In our data, mismatching at SNP rs1799964 yielded P 5 .0054 for grade IV acute GVHD, which did not reach significance after Bonferroni adjustment. The 2 studies evaluated transplants with different ethnicities and known HLA haplotype diversity (North American vs Japanese), 27 HLA match status (single mismatches vs all match grades) and study design (SNP discovery vs candidate gene approach). Future studies with sufficiently large numbers of ethnically diverse populations are required to fully evaluate the impact of SNPs in populations with different clinical and demographic characteristics.
SNP haplotype diversity has important clinical implications. Patients with the same tissue type may have different extended HLA-SNP haplotypes that give rise to different numbers of favorable SNPs and different risks (Figure 4) . Although a patient's inherited HLA haplotypes might set the stage for variable degrees of protection or risk, transplant-associated risks can be lessened by the judicious avoidance of donors with unfavorable SNP genotypes or mismatching. Central to the global effort to increase the sharing of donors internationally 1 is the need for more complete information on haplotype content of clinically relevant MHC variation in ethnically diverse populations.
When the only option for transplantation is an HLA-mismatched unrelated donor, the criteria for selecting the donor with the least risky HLA mismatch include consideration of the specific HLA locus that is mismatched. 29 If certain HLA mismatches are associated with favorable SNPs, then both HLA and SNP haplotypes could aid clinicians in donor selection. We explored whether certain HLA mismatches are more likely to be associated with favorable SNPs. We found that the 2 most frequent HLA-C and HLA-DQB1 mismatches had significantly different frequencies of favorable SNPs for chronic GVHD and acute GVHD, respectively. Interestingly, C*03:03/03:04 is an "allele" mismatch, which, as a group, has historically been associated with lower posttransplant risks compared with "antigen" mismatches such as C*01:01/02:02. 3, 4 Hence, the features that define a "permissible" HLA mismatch might be highly complex and involve polymorphisms that extend well beyond the physical boundaries of the HLA locus itself. These hypotheses should be amenable to examination in a much larger cohort of HLA-mismatched transplant pairs in the future.
The biological mechanisms that lead to the development of chronic GVHD in the absence of prior acute GVHD are unknown. We observed that patients mismatched at SNPs rs2523957 and rs107822 had a higher risk of chronic GVHD that did not depend on acute GVHD, suggesting that efforts to prospectively match patients and donors at these 2 SNPs will lower risks of chronic GVHD. Regardless of whether patients developed chronic GVHD or not, the risk of relapse depended on the presence of unfavorable SNPs for relapse. These observations may help to explain, in part, why some patients relapse despite clinical GVHD, whereas other patients are spared of both GVHD and relapse. The SNP associations permit further investigation into the genetic basis of GVHD-(in)dependent relapse and afford new possibilities for pretransplant risk assessment and for optimizing individualized treatment of patients. 25 Our data may also provide a means to explore GVHD that occurs after autologous or syngeneic transplantation, 30 particularly for SNP rs2075800, which was associated with GVHD through the patient's genotype.
SNPs provide clues to the candidate genes and mechanisms involved in transplant-associated complications. The identification of 2 SNPs within the HLA-DOA and -DOB genes provides strong evidence for a role for antigen processing and presentation in immune responses in HLA-mismatched transplantation. 31 The rs2075800G/A SNP defines a glutamic acid/lysine substitution at residue 602 of the heat shock protein-70 A1L molecule. We hypothesize a possible role for the differential binding of peptides by heat shock protein-A1L molecules and/or stimulation of cytokines in GVHD. 32 The second SNP marker for grades III-IV acute GVHD, rs394657, resides within the NOTCH4 gene intron and is in positive linkage disequilibrium with nonsynonymous substitutions. Sequence polymorphism of NOTCH4 receptors could influence the inflammatory nature of acute GVHD through altered ligand-receptor binding and production of TNF-a, IFN-g, IL-4, and IL-17. 33 Alternatively, SNP rs394657 might influence GVHD through its role as a putative expression quantitative locus for HLA-DQA1, 34 the gene that encodes the DQa chain of the HLA-DQ heterodimer. Differential DQa expression may have consequences for alloantigen recognition in GVHD.
In conclusion, HLA and non-HLA MHC factors contribute to the high morbidity and mortality after HLA-mismatched unrelated donor transplantation. Knowledge of HLA-SNP haplotype-associated risks may provide clinicians with an approach for increasing the safety of HLA-mismatched transplantation. In the future, validation of the SNPs from this study will be feasible with a larger HLA-mismatched transplant experience. Systematic evaluation of HLA haplotypes in other HLA-mismatched settings including haploidentical related and cord blood transplantation may facilitate the investigation of the MHC barrier in transplantation.
